[1] A high-resolution tomographic image of the crust and upper mantle under Yunnan Province in southwest China was determined by using a large number of teleseismic data measured precisely from digital seismograms as well as local-earthquake arrival times recorded by the dense Yunnan seismic network. The grid spacing of the tomographic model is $70 km Â 78 km in the horizontal directions and 4-70 km in depth. Our resulting model shows a clear low-velocity (low-V, <À0.3% with respect to the average one-dimensional velocity model) column extending from the surface down to about 400-km depth under the active Tengchong volcano and some high-velocity (high-V) anomalies existing in the mantle transition zone. Furthermore, the low-V anomaly extends horizontally toward the northeast at $250-to 400-km depth. Combining our tomographic results with geochemical and geological investigations, we infer that the Tengchong volcano is a rift-related volcano caused by the subduction and dehydration of the Indian plate as well as corner flow in the mantle wedge, though the subducted slab is a continental plate. Our results show that the upwelling flow under Tengchong originates at $400-km depth. A prominent low-V anomaly along the Red River fault zone extends down to the upper mantle ($100-km depth), reflecting that the Red River fault zone may have cut through the crust to the upper mantle. The two Dayao earthquakes (M 6.1 and M 6.2) in 2003 occurred on the margin of high-V anomalies and are underlain by a prominent low-V anomaly in the lower crust and upper mantle, suggesting that the Dayao earthquakes may be associated with fluids released from the dehydration of the subducted Indian slab. These results are significantly improved compared with previous studies and provide new seismic constraints on the dynamic processes of the India-Asia collision. 
Introduction
[2] During the Cenozoic the India-Asia collision not only formed compressional structures in southern Tibet [e.g., Tapponnier et al., 1981 Tapponnier et al., , 1990 England and Houseman, 1986; Yin and Harrison, 2000] , but also caused extensional structures in southeastern Asia [e.g., Harrison et al., 1992 Harrison et al., , 1996 Wang and Burchfiel, 1997; Wang et al., 1998 ] (Figure 1 ). The active Tengchong intraplate volcano in southwest China is located on the southeastern margin of this collision zone (Figure 1 ), and its last eruption occurred in 1609. At present, numerous hot springs exist in the Tengchong volcanic field that consists of a gneissic basement with minor amphibolites and is characterized by riftrelated volcanic activity over the last $5 Ma [Zhu et al., 1983; Yin, 2000; Wang et al., 2001] .
[3] Many studies have been made for the Tengchong volcanic region, and some important results have been obtained. The Tengchong volcanic area exhibits a higher geothermal gradient [C. , lower seismic velocity in the crust and uppermost mantle [Wang and Huangfu, 2004; Huang and Zhao, 2006; Hu et al., 2008] , and higher ratio of He 3 /He 4 [Shangguan et al., 2000] , suggesting the existence of magma chambers and hot material under the region. However, the origin of the Tengchong volcano is still debated. Some researchers suggested that it is related to the subduction of the Burma microplate down to 400-km depth [Huang and Zhao, 2006] , while others ascribed its origin to the subduction of the Indian plate down to $150-km [Hu et al., 2008; Li et al., 2008a] or $200-km depth [Wang and Huangfu, 2004] . Global tomographic models provide no useful information on the volcano because of their lower spatial resolution of 300 -500 km [e.g., Zhao, 2001 Zhao, , 2004 Lei and Zhao, 2006a] . Local tomographic models for this region are valid down to only 80-km depth [e.g., Huang et al., 2002] .
[4] With the recent upgrading of 35 seismic stations from analog to digital recording in Yunnan Province, China, since 1998, abundant high-quality local and teleseismic data have been accumulated. In this study, we combined local-earthquake arrival times with teleseismic data recorded by the dense Yunnan seismic network to determine a Engdahl et al. [1998] . White stars denote the strong earthquakes with magnitude larger than 6.0 during 1970-2005, including four earthquakes at the boundary between Yunnan and Burma [China Earthquake Administration, 2005] , while black star represents the 2003 Dayao earthquakes . Major active faults are shown as black lines. NH, Naga Hills; BLL, Burma Lower Lands; MMF, Mandalay-Myityina fault; RRF, Red River fault; NJF, Nujiang fault; XJF, Xiaojiang fault; LCF, Lancang River fault; CNF, Chuxiong-Nanhua fault; DZB, Dian-Zhong block. Insets denote the location of the study area and legend, respectively. (b) Distribution of earthquakes that occurred within the rectangle as shown in Figure 1a .
detailed three-dimensional (3-D) seismic structure of the crust and upper mantle under Yunnan Province. Our results shed new light on the origin of the active Tengchong intraplate volcano.
[5] In the study region there are many active fault zones ( Figure 1 ). The depth extent of these faults including the Red River fault still remains debated. Some researchers infer the Red River fault to be a crustal-scale fault [e.g., Wang and Burchfiel, 1997] , while others suggested it to be a lithospheric-scale fault [e.g., Leloup et al., 1995] . Over 35 strong earthquakes (M > 6.0) occurred in the region since 1970 (Figure 1 ). Some researchers had discussed the mechanism of these strong earthquakes on the basis of the obtained 3-D velocity structure [e.g., Huang et al., 2002; Wang et al., 2003] . Recently two earthquakes (M 6.1 and M 6.2) occurred in Dayao in the present study area on 21 July and 16 October 2003 successively, which caused 19 deaths and over 600 injuries and resulted in extensive property losses [Su, 2004; He et al., 2005] . Therefore in the present study we also discuss the velocity anomalies related to the Red River fault zone and the 2003 Dayao earthquakes.
Data and Method
[6] Thirty-five seismic stations of the Yunnan seismic network (Figure 2a ) are used in this study. Among them, twenty-three stations have been operating since June 1999, but the entire seismic network began to operate in January 2004. Figure 2b shows the epicentral distribution of 602 teleseismic earthquakes used in this study. The magnitude of these events is 5.3 or greater. Each event has at least 8 recordings. These events occurred from January 2002 to December 2006. Among them the events that occurred before December 2004 were relocated by E. R. Engdahl (see the work of Engdahl et al. [1998] for the relocation procedure). The teleseismic events selected are located 28 to 96 degrees from the center of the study area and have a good azimuthal coverage, though most of them are distributed around the Western Pacific subduction zones. We measured 11,608 first P wave arrival times from the digital seismograms of the 602 teleseismic events. The data-picking accuracy is estimated to be 0.10-0.15 s. It can be seen from Figure 3 that the teleseismic rays used are nearly vertical, and so it is hard to resolve the crustal structure if only the teleseismic data are used. In order to improve the ray coverage in the crust, we have added local-earthquake arrival times since the local rays are roughly horizontal (Figures 3b and 3c) . We collected 17,190 P wave arrival times from 2761 local earthquakes (M > 2.5) (Figure 2a ). Each local event has at least six recordings, and the picking accuracy of arrival times is estimated to be 0.10 s.
[7] We used the 3-D ray tracer of Zhao [2001] in this study. This method cannot only compute the travel times and raypaths accurately and efficiently, but also deal with a model containing complex velocity discontinuities. For details of the technique, see the work of Zhao et al. [1992] and Zhao and Lei [2004] . Our starting 1-D model (Figure 4) was inferred from previous studies [e.g., Kan and Lin, 1986; Fan and Cheng, 1992; Xu et al., 2007] for the crust, and the iasp91 velocity model [Kennett and Engdahl, 1991] was adopted for the mantle. Depth variations of the Moho discontinuity under the study area ( Figure 5 ) [Kan and Lin, 1986; Xu et al., 2007] were taken into account. Travel times were further corrected for the Earth's ellipticity [Dziewonski and Gilbert, 1976] and station elevations. Figure 6 shows the distribution of hit counts in map view. Hit counts in the crust amount to over 6000 (Figures 6a -6d) , which is higher than in the mantle (Figures 6e -6l) . At 70-to 350-km depths the distribution of hit counts is almost uniform in the entire Yunnan Province (Figures 6e -6i) , while below 420-km depth the hit counts are biased toward the east (Figures 6j-6l ). This pattern is consistent with that of the distribution of raypaths (Figures 3b and 3c ), owing to [1998], and those after December 2004 were directly downloaded from the Web (http://neic.usgs.gov/neis/epic/ epic_global.html). In Figure 2b the numbers represent the epicentral distances (in degrees) from the center (triangle) of the study area. TC, a seismic station in Tengchong.
the occurrence of comparatively many teleseismic events in the Western Pacific subduction zones (Figure 2b ).
[8] We applied the tomographic method of Zhao et al. [1994] to 11,608 relative traveltime residuals from teleseismic events and 17,190 absolute traveltime residuals from local earthquakes to determine the 3-D crust and upper mantle structure under Yunnan. The use of the relative traveltime residuals from teleseismic events in the tomographic inversion can minimize the effects of the uncertainties in hypocentral parameters, as well as the velocity heterogeneity outside the study area. For details of the calculation of the relative traveltime residuals, see the work of Zhao et al. [1994] and Lei and Zhao [2005, 2007b] . Figure 7 shows the distribution of relative traveltime residuals versus the epicentral distance. It can be seen that over 95% of the residuals are concentrated in the range of À1.0 to 1.0 s. Therefore, in this study we used only relative residuals located in this range, and the final number of the teleseismic data used in the inversion is 11,608.
[9] Figure 8 shows the distribution of the average relative traveltime residuals at every station for all the teleseismic events, which range from À0.5 to 0.5 s. Delayed arrivals are visible at stations in eastern Yunnan, suggesting the existence of low-velocity (low-V) anomalies there in the upper mantle. Early arrivals appear at most stations in western Yunnan, indicating that high-velocity (high-V) anomalies exist in the upper mantle under the region. But some stations in the Tengchong volcanic area in western Yunnan exhibit delayed arrivals, suggesting that low-V anomalies also exist there. To understand how such a pattern of relative traveltime residuals in the region is formed, we show the distribution of the relative residuals per source quadrant in Figure 9 . There exist some significant differences in the pattern of residuals between the NW and SW quadrants (Figures 9a and 9c ) and between the NE and SE quadrants (Figures 9b and 9d) , which reflect the different angles of rays emerging from the events in different sourcequadrants. However, some features are similar between the NW and NE quadrants (Figures 9a and 9b ) and between the SW and SE quadrants (Figures 9c and 9d ). In the NW and NE quadrants some stations in the Tengchong volcanic area in western Yunnan exhibit delayed arrivals (Figures 9a and 9b) , while in the SW and SE quadrants most of the stations in eastern Yunnan show delayed arrivals (Figures 9c and 9d ). These features generally agree with the distribution of relative residuals from all events (Figure 8) .
[10] A 3-D grid was set up in the model to express the 3-D velocity structure. The model was parameterized with a grid spacing of 0.7°Â 0.7°($70 km Â 78 km) in map view and with grid nodes at depths of 1, 5, 15, 35, 70, 140, 210, 280, 350, 420, 500 , and 580 km (Figure 6 ), after making many resolution tests with different grid intervals. Velocity perturbations at the grid nodes were taken as unknown parameters. We resolved 2758 velocity perturbations for the grid nodes with hit counts (number of rays passing near each grid node) larger than 10. A conjugate-gradient algorithm LSQR [Paige and Saunders, 1982] with damping and first-order smoothing regularizations [Zhao, 2001 [Zhao, , 2004 Lei and Zhao, 2006a] was LEI ET AL.: ORIGIN OF THE TENGCHONG VOLCANO used to resolve the large and sparse system of observational equations. By considering the balance between the reduction of traveltime residuals and the smoothness of the 3-D velocity model obtained [e.g., Eberhart-Phillips, 1986] , the optimal value of the damping parameter is found to be 20.0 in the present study after performing many inversions with different values of the damping parameter.
Results and Resolution Analysis
[11] Figure 10 shows our resulting tomographic images in map view. A prominent low-V anomaly is visible under the Tengchong volcano from the surface down to about 420-km depth (Figures 10a-10j) . Furthermore, this low-V anomaly forms a band from the northeast through the Tengchong volcanic field to the southeast in the crust and uppermost mantle (Figures 10a -10e ). Between 280-and 350-km depth the low-V anomaly under the Tengchong volcano extends toward the east and northeast (Figures 10h and 10i ), which may reflect the continuous dehydration of the northeastward moving Indian slab in the mantle transition zone. At 500-and 580-km depths, high-V anomalies are visible under the entire Yunnan Province except for some portions to the southeast of Tengchong (Figures 10k and 10l) , possibly owing to the sparse ray coverage there (Figures 6k and 6l ). Note that a prominent low-V anomaly matching well the orientation of the Red River fault is revealed at depths of 15 -70 km (Figures 10c -10e ), suggesting that the Red River fault may have cut through the Moho into the uppermost mantle. This result is different from that of Wang and Burchfiel [1997] , who suggested the Red River fault to be a crustal-scale feature but consistent with that of Leloup et al. [1995] , who suggested it to be a lithospheric-scale feature. The 2003 Dayao earthquakes occurred on the margin of high-V anomalies at 5-and 15-km depths (Figures 10b and 10c) and are underlain by an obvious low-V anomaly in the lower crust and upper mantle (Figures 10d and 10e ). In addition, a very broad low-V anomaly in eastern Yunnan is revealed at 140-and 210-km depths (Figures 10f and 10g) , indicating the existence of relatively hotter asthenospheric material there.
[12] In vertical cross sections, it can also be found that a prominent low-V anomaly under the Tengchong volcano extends down to about 400-km depth (Figures 11a -11c ). Moreover, this low-V anomaly at depths of $250-400 km extends toward the northeast (Figures 11b and 11c ). Some high-V anomalies observed in the upper mantle may represent cold lithospheric material, while those in the mantle transition zone may denote the subducted Indian slab (Figures 11a -11c ). The low-V zone under the Red River fault extends down to about 100-km depth ( Figure 11b ).
[13] In order to confirm the main features that appeared in the present results, we conducted many checkerboard resolution tests (Figures 11d -11f and 12), a restoring test Figure 4 . Starting 1-D velocity model used for the tomographic inversion in this study. This 1-D model was inferred from the previous studies [e.g., Kan and Lin, 1986; Fan and Cheng, 1992; Xu et al., 2007] for the crust, and the International Association of Seismology and Physics of the Earth's Interior, 1991 (iasp91) model [Kennett and Engdahl, 1991] was adopted for the mantle. Two dashed lines denote the 410-and 660-km discontinuities. Figure 5 . Illustration of the Moho discontinuity in the Yunnan and adjacent regions extracted from deep seismic soundings and receiver-function analyses [Kan and Lin, 1986; Xu et al., 2007] . Depth scale (in km) is shown at the bottom.
( Figures 11g-11i ), and four synthetic tests ( Figure 13 ) by applying the same algorithm and using the same numbers of stations, events and raypaths as those for the real inversion [see, e.g., Humphreys and Clayton, 1988; D. Zhao et al., 1994 Hung et al., 2004; Lei and Zhao, 2006b, 2007a] . Random errors having a normal distribution with zero mean and a standard deviation of 0.10 s were added to the synthetic travel times. In the checkerboard resolution test, positive and negative velocity perturbations of 2% relative to the 1-D velocity model as shown in Figure 4 are assigned to the 3-D grid nodes that are arranged in the modeling space. The resolution is much better in the middle and lower crust (Figures 12c and 12d ) than in the upper crust (Figures 12a and 12b ) because of the crisscrossing rays from teleseismic events and local earthquakes at those depths (Figures 3b and 3c ). In the upper mantle the resolution becomes better with depth in the entire Yunnan Province (Figures 12e-12j ), but in the mantle transition zone the well-resolved areas are biased toward the east with depth (Figures 12k and 12l ). Such changes of the well-resolved areas with depth are closely associated with the distribution of seismic rays ( Figure 3 ) and hit counts ( Figure 6 ).
[14] In order to further affirm the seismic structure under Tengchong, we show the resolution along three vertical cross sections by using the star-cross way [Lei and Zhou, 2002] . Stars and crosses denote the grid nodes where the pattern of the input velocity anomalies is recovered correctly and wrongly after the inversion, respectively. The size of star and cross symbols denotes the ratio of the inverted amplitude of the velocity anomaly to that in the initial model. The stars with values of 100% show the grid nodes where the checkerboard model is recovered perfectly. In this expression, it is more straightforward to see where the resolution is good and where it is poor, particularly when a cross section does not pass right through the grid nodes. For details of this expression method, see the work of Lei and Zhou [2002] and Lei and Zhao [2005, 2007b] . The resolution is good along three vertical cross sections in the upper mantle and mantle transition zone, except for some places in the southern and western segments (Figures 11d-11f ). In the restoring test, the input model is not alternating positive-negative anomalies but the 3-D velocity model (Figures 11a -11c ) inferred from the real data. The procedure is the same as that used in the checkerboard resolution test. The results of the restoring test (Figures 11g-11i) show that the pattern of velocity anomalies is well retrieved, though there are some minor differences in amplitude and geometry between the input and output models, suggesting that the main features revealed, such as low-V anomalies under the Tengchong volcano extending down to 400-km depth and high-V anomalies in the mantle transition zone, are reliable.
[15] To further confirm the reliability of the main features in the tomographic images obtained, we carried out a number of synthetic tests by changing the diameter and morphology of low-and high-V anomalies in the initial model. Among them, four synthetic tests are illustrated in Figure 13 . In the first two tests we put low-V anomalies of up to À2% in the input model from the surface to 200-and 400-km depths, respectively (Figures 13a, 13b, 13e, and 13f) . In the third test we put low-V anomalies of up to À2% extending northeastward above the mantle transition zone (Figures 13i and 13j) . In the fourth test high-V anomalies of up to 2% are put in the mantle transition zone (Figures 13m  and 13n) . The output models (Figures 13c, 13d, 13g, 13h , 13k, 13l, 13o, and 13p) have a similar pattern as the input models, though some differences exist between them in amplitude and there is some smearing in the output models, particularly in the third and fourth tests (Figures 13i -13p) . Nevertheless, these extensive resolution tests all suggest that the low-V anomaly under the Tengchong volcano extending down to about 400-km depth and then extending toward the northeast above the mantle transition zone and the high-V anomalies in the mantle transition zone are robust features.
Discussion
[16] The seismic structure of the crustal and upper mantle can be better constrained when both local and teleseismic data are used jointly [e.g., Lei et al., 2009] . Therefore, in the present study we combined the local and teleseismic data to invert for the crustal and upper mantle heterogeneities under the Yunnan region. Our tomographic model provides new information on the intraplate Tengchong volcano and has 
Origin of the Tengchong Volcano
[17] Temperature measurements and geochemical analyses for many hot springs showed three areas with higher geothermal gradients in the Tengchong volcanic field, suggesting the existence of three magma chambers under the region [C. . The crust under Tengchong is characterized by low-P and low-S velocities through investigations of deep seismic soundings and teleseismic receiver functions [Wang and Huangfu, 2004] , lower resistivity from magnetotelluric soundings [Sun et al., 1989] , high heat flow [Wu et al., 1988] , and low-Q values [Qin et al., 1998 ]. Huang et al. [2002] revealed a low-V anomaly extending down to 85-km depth by using local-earthquake data. However, these studies did not resolve the depth range of the low-V anomaly under the Tengchong volcano. Global tomographic studies could not image clearly the low-V anomaly under the Tengchong volcano for understanding its origin because of their lower spatial resolution. Recent tomographic studies under East Asia showed a low-V anomaly down to 300-km depth under Tengchong, but the low-V zone has a lateral extent of $500 -600 km [Huang and Zhao, 2006] , while Li et al.
[2008a] illustrated a low-V anomaly under Tengchong extending down to only $150-km depth. Our high-resolution tomographic model clearly shows a striking low-V anomaly of only $150-km width under the Tengchong volcano extending down to about 400-km depth (Figures 10 and   11a -11c) . Another significant feature of our present model is that the low-V anomaly at $250-to 400-km depths under Tengchong extends horizontally toward the northeast (Figures 11b and 11c) , which may suggest that the dehydration reaction continues when the subducted Indian slab in the mantle transition zone moves toward the northeast because the low-V anomaly at $250-to 400-km depths exists right above the high-V anomalies in the mantle transition zone (Figures 11b and 11c) .
[18] Previous studies showed significant discrepancies in the depth range of the subducted lithosphere in the region. Wang and Huangfu [2004] suggested that the subducted plate extends down to $200-km depth right under the Tengchong volcano, while Huang and Zhao [2006] proposed that the plate could have subducted down to 400-km depth under Tengchong. In the present study high-V anomalies are observed in the mantle transition zone under Tengchong (Figures 10 and 11a -11c) , which may represent cold material of the subducted lithosphere. This interpretation is supported by recent tomographic results [Li et al., 2008a] as well as isotopic and geochemical studies [Zhu et al., 1983] . Our extensive resolution tests (Figures 11d-11i , 12, and 13) show that the main features of the present result are reliable. The use of a large number of high-quality arrival time data recorded by the dense Yunnan seismic network has resulted in the present high-resolution tomographic model.
[19] Geochemical arguments and regional structural correlations suggested that the early igneous phase (42 -24 Ma) was generated by continental subduction [e.g., Wang et al., 2001] , while in the later episode (16 -0 Ma) the Tengchong volcanic rocks are considered to be rift-related [e.g., Yin, 2000; Wang et al., 2001] . Although geophysicists cannot rule out this possibility, all geophysical results so far suggested that the origin of the Tengchong volcano is related to the plate subduction [e.g., Zhu et al., 1983; Wang and Huangfu, 2004; Huang and Zhao, 2006; Hu et al., 2008; Li et al., 2008a] . Therefore, we conclude that the formation of the Tengchong volcano is not only related to the subduction of the Indian plate, but also controlled by the rifting process (Figure 1a) . The present tomographic model does not cover the areas west of Yunnan. The hypocentral distribution of intermediate-depth earthquakes defines a clear Wadati-Benioff zone down to $180-km depth [Engdahl et al., 1998] (Figure 1b ), but this feature is visible only west of the Myityina-Mandalay fault that is $120 km west of the Tengchong volcanic field (Figure 1) . Integrating the upper mantle image west of the Tengchong volcano by Huang and Zhao [2006] and Li et al. [2008a] , we infer that the high-V anomalies in the mantle transition zone revealed by our model (Figures 10 and 11a -11c ) may represent the subducted Indian plate. A prominent low-V anomaly is visible down to 400-km depth right beneath the Tengchong volcano and it overlies high-V anomalies in the mantle transition zone. Such a structure is different from that under the Hainan hot spot volcano in southernmost China where a low-Vanomaly ascends from the lower mantle [e.g., Lebedev et al., 2000; Montelli et al., 2004; Lei et al., 2009 ], but it is quite similar to that under the Changbai volcano in northeast China where a prominent low-V anomaly extends down to 400-km depth and the Pacific slab is stagnant in the mantle transition zone [Lei and Zhao, 2005] . Therefore, [Engdahl et al., 1998 ] within half distances between two neighboring layers. Figures 11a -11c inferred from the real data set as the input model, which is only different from the checkerboard resolution test [Zhao et al., 1994; C. Zhao et al., 2006; Hung et al., 2004; Lei and Zhao, 2006b, 2007a] . The symbols are the same as those shown in Figures 11a -11c . There is no vertical exaggeration except for surface topography on the top of Figures 11a -11c . (Figures 11a -11c) , which have significantly improved over previous studies and provide new constraints on the dynamic process of the India-Asia collision. Further efforts should be made to deploy portable seismic stations in Myanmar to determine a detailed seismic structure from Myanmar to Yunnan to clarify the origin of this significant intraplate volcano.
Deep Structure of the Red River Fault Zone
[20] The Red River fault zone is an over 1000 km long strike-slip fault, which begins at the eastern portion of the Tibetan Plateau and northwestern portion of Yunnan, passes through northern Vietnam, and extends eastward into the South China Sea [e.g., Zhong et al., 1989; Tapponnier et al., 1990; Lee and Lawver, 1995; Leloup et al., 1995] (Figure 1) . The continent-continent collision of the Indian plate with the Eurasian plate caused the uplift of the Tibetan Plateau and the southeastward rotating extrusion of the Indochina block Scharer et al., 1990] , so the Red River fault zone is regarded as a major tectonic boundary between the south China and Indochina blocks [Scharer et al., 1994; Leloup et al., 1995] . It is suggested that the tectonic evolution of the Red River fault zone includes two stages of the sinistral slip during the Tertiary and the dextral slip in the Quaternary . Hence, studying the deep structure of the Red River fault zone is of great importance for understanding the collision of the Indian and the Eurasian plates.
[21] Different researchers illustrated various geometries of velocity anomalies along this fault zone. In the upper and middle crust, some results show that the Red River fault zone is an obvious high-V anomaly interpreted as the rising and rapid cooling of the metamorphic rocks after the ductile 2003]. In the lower crust, the models of Huang et al. [2002] , Wang et al. [2003] , and Li et al. [2008b] show that the Red River fault zone is still a boundary between low-and high-V anomalies, while our model shows a prominent low-V Figure 13 . (a -p) Four synthetic tests. Figures 13a, 13b, 13e, 13f, 13i, 13j, 13m , and 13n show input models, and Figures 13c, 13d, 13g, 13h, 13k, 13l, 13o , and 13p show output models. Circles and crosses denote slow and fast velocity anomalies. The velocity perturbation scale (in %) is shown at the bottom. Dashed lines denote the Moho, 410-, and 660-km discontinuities. Locations of cross sections are shown on the inset map. White triangles denote the Tengchong volcano, while black triangles denote the seismic stations used in this study.
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LEI ET AL.: ORIGIN OF THE TENGCHONG VOLCANO anomaly under the Red River fault zone (Figure 10d ), which is in agreement with previous tomographic studies [e.g., Xu et al., 2003] and receiver-function analyses [Xu et al., 2005] . In the upper mantle, the models of Xu et al. [2003] and Li et al. [2008b] display a boundary of low-and high-V anomalies along the Red River fault, while our model illustrates a prominent low-V anomaly along the fault (Figure 10e ), which is consistent with the result of Wang et al. [2003] . Recent surface-wave tomography revealed prominent low-V anomalies along the Red River fault in the upper crust, but this feature seems to disappear in greater depth [e.g., Yao et al., 2006 Yao et al., , 2008 . These differences may be due to the different data sets and techniques used. Another possibility is that in our present work a number of high-quality local and teleseismic arrival times are picked only from digital seismic waveforms, which is different from some previous studies utilizing arrival data from analog recordings. However, our present results display a clear low-V zone of up to À5% along the Red River fault zone in the lower crust and upper mantle (down to $100-km depth) (Figures 10c -10e and 11b ), quite consistent with recent tomographic studies [e.g., Li et al., 2008a] , indicating that the Red River fault zone has been cut through the crust, reaching down to the upper mantle. The result is different from that of Wang and Burchfiel [1997] , who considered it to be a crustal-scale fault, but consistent with that of Kan and Lin [1986] and Leloup et al. [1995] , who suggested that it may be a lithospheric-scale feature. Such a velocity structure along the Red River fault zone (Figures 10c -11e and 11b) has been demonstrated to be a robust feature by extensive resolution tests (Figures 11 and 12 ). This result supports the proposal that the Red River fault zone is a channel for the rising of hot material toward the crust from the mantle [e.g., Xu et al., 2003] .
[22] Several other major fault zones also exist in Yunnan Province, China, such as the Nujiang, Lancang River, and Xiaojiang fault zones (Figure 1a) . These fault zones correspond to velocity anomalies extending down to various depths. For example, along the Nujiang fault zone the low-V anomaly only extends down to 5-km depth (Figures 10a  and 10b) , while in the southern portion of the Lancang River fault zone it extends down to the upper mantle (Figures 10a-10e) . The Xiaojiang fault zone is located at the edge of a low-V anomaly from the crust to the upper mantle (Figures 10a-10e) . For more details of the deep structure of these fault zones, the deployment of more seismic stations would be required, in order to improve the raypath coverage across the fault zones.
Mechanism of the 2003 Dayao Earthquakes
[23] In the Yunnan region strong earthquakes occur frequently, and there are numerous small earthquakes (M < 5.0) [Engdahl et al., 1998 ]. Over 150 earthquakes with M 5.0-6.0, and more than 35 strong crustal earthquakes with M ! 6.0 occurred since 1970, 8 of which were larger than M 7.0, such as the 1970 Tonghai earthquake (M 7.8), the 1976 Longling earthquake (M 7.4), the 1988 Lancang earthquake (M 7.4) and the 1996 Lijiang earthquake (M 7.0) (Figure 1a ) (China Earthquake Administration, unpublished catalogue of China strong earthquakes, 2005). After a 632-day quiescence of the earthquakes with M 5.0 or larger in the Yunnan region following the 27 October 2001 Yongsheng earthquake (M 6.0), two earthquakes successively occurred on 21 July and 16 October 2003 in the Dayao region, which caused 19 deaths and over 600 people to be injured, and extensive property losses [Su, 2004; He et al., 2005] . Their focal depths are accurately redetermined by Hua et al. [2006] to be 11.8 and 9.2 km, respectively (Figure 14) by applying the double-difference location method of Waldhauser and Ellsworth [2000] . The uncertainties of the two focal depths are 0.20 and 0.26 km, respectively . It is generally accepted that in the Yunnan region, most earthquakes larger than M 6.0 occurred along major active tectonic or seismic zones [e.g., Deng et al., 2002] , but the 2003 Dayao earthquakes are located within the interior of the Dian-Zhong block (Figure 1a) , where there are no obvious surface expressions of fault zones [Su, 2004] . However, the hypocentral locations of these two main shocks and the preferred trending of their aftershocks strongly suggested the existence of a NWW oriented fault zone in the source area , which was also demonstrated by the velocity and Q structures in the source areas [Wang et al., 2007] . Because the NWW oriented Chouxiong-Nanhua fault zone is close to the 2003 Dayao earthquakes (Figure 1a ) [Deng et al., 2002; Su, 2004] , some researchers suggested that the two earthquakes were caused by the northward rupturing of the Chouxiong-Nanhua fault zone since the 2000 Yao-An earthquake (M 6.5) [e.g., He et al., 2005] .
[24] Previous studies have investigated the causes of the strong crustal earthquakes in the region, and found that most of them in the region occurred at the boundary between low-and high-V anomalies [e.g., Huang et al., 2002; Wang et al., 2003] . Here, we mainly focus on the causes of the 2003 Dayao earthquakes. It can be clearly seen that the two Dayao earthquakes occurred at the boundary of low-and high-V anomalies and near high-V anomalies (Figures 10a-10e and 14) . A recent tomographic study also found that the 28 July 1976 Tangshan earthquake (M 7.8) in east China occurred at the edges of high-V anomalies along the Tangshan-Ninghe fault zone [e.g., Lei et al., 2008] . Wang and Zhao [2006] found that the 2005 Fukuoka earthquake (M 7.0) in southwest Japan was located near the high-V anomalies within the fault zone. Hauksson and Haase [1997] also revealed that four M > 5.9 earthquakes in the Los Angeles basin occurred in and adjacent to high-V anomalies along the faults. These results suggested that there are strong heterogeneities within the fault zones and the mechanical strength of materials located at the edge of high-V anomalies is higher than that of the low-V anomaly areas but still weaker than normal sections of the seismogenic layer. Hence the margin of a high-V anomaly is an ideal place to generate a large crustal earthquake.
[25] Figures 14e and 14f shows the absolute velocity maps along the vertical cross sections N-S and W-E. In some cases the variation extent of velocities is not easily judged quantitatively, and the gradient map is considered to be an efficient way to highlight a transition from high-to low-V anomalies (Figures 14c and 14d) [Fishwick, 2006] . It can also be seen that the Dayao earthquakes occurred at the edges of the high-and low-V anomalies but near the high-V anomalies in the cross section W-E (Figures 14b and 14f) , hence the gradient there is relatively smaller (Figure 14d ), but the cross section N-S clearly shows that the Dayao earthquakes occurred around a high-gradient zone (Figure 14c ).
[26] Although geochemical studies suggested no participation of fluids in the genesis of the Tengchong volcanic rocks because they lack a Nb and Ta anomaly [e.g., Wang et al., 2001] , many geophysical studies have revealed the wide existence of fluids in the crust and uppermost mantle in subduction zones [e.g., Tatsumi, 1989; Peacock, 1990; Iwamori, 1998; Zhao et al., 2002] . The Yunnan region is located in the region of the Indian plate subduction, as discussed in section 4.1 and in previous studies [e.g., Huang and Zhao, 2006; Wang and Huangfu, 2004] . Our present results show that the Dayao earthquakes are underlain by a prominent low-V zone (Figures 10a-10e and 14) , being consistent with previous results for the crust inferred only from local-earthquake arrival time data [e.g., Hua et al., 2006; Zhou et al., 2007] . This is quite similar to the velocity structural features in regions near other large crustal earthquakes in Yunnan, as revealed by previous work [e.g., Huang et al., 2002] . Furthermore, our results, obtained by adding the teleseismic data, clearly display a low-V anomaly extending down to the upper mantle (Figures 10a-10e and 14) . These low-V anomalies may be closely associated with fluidfilled fractured rocks. Deep fluids may be liberated through the slab dehydration, if the high-V anomalies in the mantle transition zone (Figures 10k, 10l , and 11a -11c) represent the subducted Indian slab, as discussed in section 4.1. Fluids in and below the seismogenic layer may affect the long-term structural and compositional evolution of the fault zone, change the fault zone strength, and alter the local stress [Fishwick, 2006] to the velocity perturbations as shown in Figures 14a and 14b. (e, f) Same as Figures 14a and 14b but for the absolute velocity. The symbols in Figures 14c-14f are the same as those in Figures 14a and 14b. regime [Sibson, 1982 [Sibson, , 1992 Hickman et al., 1995] . Owing to the fluid pressure and a variety of chemical effects, stress concentration is enhanced in the seismogenic layer resulting in the mechanical failure of a strong asperity . These factors may make a significant contribution to the nucleation processes of the 2003 Dayao earthquakes. These processes are somewhat similar to those that caused the 1995 Kobe, Japan, earthquake [Zhao et al., 1996] , the 2001 Bhuj, India, earthquake [Mishra and Zhao, 2003] , and the 1976 Tangshan, China, earthquake [e.g., Lei et al., 2008] . Our study provides a new piece of evidence for the presence of fluids in the source area of the 2003 Dayao earthquakes, which may improve our understanding of the genesis of damaging earthquakes in the Yunnan region.
Interpretation
[27] The Tengchong volcano has been inferred to be related to the subduction of the Indian plate down to only $200-km depth with a small dip angle of $30° [Wang and Huangfu, 2004] . Huang and Zhao [2006] revealed high-V anomalies related to the subducted Indian slab above the mantle transition zone and low-V anomalies associated with the Tengchong volcano above 300-km depth. Li et al. [2008a] illustrated high-V anomalies related to the subducted Indian slab down to the mantle transition zone with a big dip angle of $60°below $200-km depth (in the aseismic zone) and low-V anomalies associated to the Tengchong volcano just above $150-km depth. Recent receiver function analyses demonstrated that the 660-km discontinuity is depressed to 690-km depth under the Tengchong station [e.g., Shen et al., 2008] . Our present tomographic model clearly shows high-V anomalies in the mantle transition zone and low-V anomalies under the Tengchong volcano extending down to $400-km depth and further extending northeastward (Figures 10 and 11a -11c) .
[28] Combining our present results with previous work [e.g., Wang and Huangfu, 2004; Huang and Zhao, 2006; Li et al., 2008a; Shen et al., 2008] , we propose a model (Figure 15 ) of the upper mantle structure under the Indian plate, Burma Arc, and Southeast Tibetan Plateau (Yunnan, southwest China) to explain the origin of the Tengchong intraplate volcano as well as seismotectonics in the region. Such a tectonic model is somewhat similar to that explaining the origin of the Changbai intraplate volcano in northeast China [Lei and Zhao, 2005] . A difference between these two models is that the present model illustrates an obvious low-V layer more than 100 km thick extending northeastward above the mantle transition zone, which may suggest the continuous dehydration of the slab while moving northeastward in the mantle transition zone. In our model proposed, the Indian slab has subducted down to the mantle transition zone though the seismicity within the slab ends at $200-km depth, and the dip angle of the slab varies from $30°above $200-km depth (in the seismic zone) to $60°below $200-km depth (in the aseismic zone) (Figure 15 ), which are quite similar to those observed in the subducted Philippine Sea slab [Abdelwahed and Zhao, 2007] .
[29] Hot asthenospheric material in the deeper mantle and fluids released from the dehydration of the subducted Indian slab in the mantle transition zone may cause an upwelling in the upper mantle that reaches the surface along the rift zones [1998] ) that occurred within the 35 km of the profile along the latitude 25.3°N, as shown in Figure 1a . The curve at top shows the topography along the profile. There is no vertical exaggeration except for surface topography on the top.
[e.g., Yin, 2000; Wang et al., 2001] , leading to the formation of the Tengchong volcano (Figure 15 ). We conclude that the formation of the Tengchong volcano is not only related to the subduction and dehydration of the Indian slab, but also associated with the distribution of the rift zones. When the hot and wet material reaches the uppermost mantle, it also flows in the horizontal directions. When the hot material with fluids arrived under the Red River fault, it may intrude upward along the broken section of the fault (Figure 15 ), which provides a channel for the rising of hot material from the upper mantle [e.g., Xu et al., 2003] . This may explain the low-V anomalies down to the upper mantle along the Red River fault (Figures 10 and 11a -11c) . When hot and wet material reached the source areas of the 2003 Dayao earthquakes, fluids may have entered the fractured fault zone and decreased the friction of the fault, leading to failure of a strong asperity and triggering of the Dayao earthquakes. The low-V anomalies under the source areas in the lower crust and uppermost mantle may represent fluid-filled fractured rocks (Figures 14a, 14b , and 15).
Conclusions
[30] A high-resolution tomographic model of the crust and upper mantle under the Chinese Yunnan Province has, for the first time, been obtained by using a large number of high-quality teleseismic data and local-earthquake arrival times recorded by the dense Yunnan seismic network. Our present results provide new insights into the origin of the Tengchong volcano. A prominent low-V anomaly under Tengchong extends down to about 400-km depth, and high-V anomalies exist in the mantle transition zone. Integrating our tomographic images with geochemical and geological results, we conclude that the Tengchong volcano is a rift-related volcano caused by the subduction and dehydration of the Indian plate and corner flow in the mantle wedge.
[31] The Red River fault zone is imaged as a low-V anomaly extending down to the upper mantle, suggesting that the fault zone may penetrate through the crust into the upper mantle. This low-V anomaly may be caused by fluids rising from the upper mantle and then intruding upward along its broken section. An obvious low-V anomaly is observed under the 2003 Dayao earthquake source areas, implying that fluids may enter the fractured fault zone and decrease the friction of the fault, which may lead to failure of a strong asperity and triggering of these two earthquakes. The fluids may be associated with the dehydration of the subducted Indian slab in the mantle transition zone. Our tomographic result is significantly improved compared to previous studies and provides new constraints on the dynamics of the India-Asia collision. Further efforts should be made to deploy portable seismic stations to the west of Yunnan and across the fault zones in Yunnan so that the 3-D crust and upper mantle structure can be determined more accurately, and our understanding of the collision process of the Indian and Eurasian plates can be improved.
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